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The photocatalytic degradation of the organophosphorus insecticide diazinon in aqueous
suspensions has been studied by using titanium dioxide as a photocatalyst. The degradation
of the insecticide was a fast process and included the formation of several intermediates that
were identified using GC/ion-trap mass spectrometry with EI or CI in positive and negative
ionization mode and HPLC/electrospray-QqTOF mass spectrometry. Since primarily hydroxy
derivatives were identified in these aqueous suspensions, the mechanism of degradation was
probably based on hydroxyl radical attack. The initial oxidative pathways of the degradation
of diazinon involved the substitution of sulfur by oxygen on the P¢S bond, cleavage of the
pyrimidine ester bond, and oxidation of the isopropyl group. Exact mass measurements of the
derivatives allowed the elemental formula of the molecules to be determined confidently.
Similarities to the metabolic pathways occurring in living organisms were observed. (J Am
Soc Mass Spectrom 2003, 14, 803–817) © 2003 American Society for Mass Spectrometry
Diazinon [O,O-diethyl O-(2-isopropyl-6-meth-ylpyrimidin-4-yl) thiophosphate] is an organo-phosphorus insecticide with widespread agri-
cultural and non-agricultural uses. The primary
environmental concerns associated with its use are bird
kills, contamination of surface water, and impacts on
aquatic species. Diazinon and its metabolites have been
encountered during monitoring studies in various
aquatic systems all over the world [1–3]. Additionally,
high diazinon residues have been found in urban water-
ways and effluents from sewage treatment plants [4, 5].
Toxic effects of diazinon are due to the inhibition of
acetylcholinesterase. Metabolic studies in animals have
shown that the main route of metabolism is oxidation,
and several metabolites with higher acetylcholinester-
ase inhibition activity have been identified [6]. Because
of the great risk that it poses to human health and the
environment, diazinon use has been reviewed by many
European environmental agencies in the past decade.
Recently the U.S. Environmental Protection Agency
announced a three-year phase-out of diazinon for in-
door use, because it is one of the leading causes of acute
insecticide poisoning of humans and wildlife [7].
In the environment, diazinon appears to be mobile
and persistent enough to significantly impact water
resources. The abiotic environmental fate of diazinon
has been well studied previously; it is stable at neutral
waters, while it is rapidly hydrolyzed at acidic pH [8].
Hydrolysis products have been identified as 2-isopro-
pyl-6-methyl-pyrimidin-4-ol (IMP) and diethyl thio-
phosphate [9]. Diazinon is slowly photodegraded in
distilled water under sunlight, while in natural waters
the process is significantly faster [10, 11]. 2-Isopropyl-
6-methylpyrimidin-4-ol has been identified as the main
photoproduct [8]. Photolysis studies of diazinon in soil
aqueous suspensions under UV light have shown that the
main transformation products are its oxygen analogue,
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diethyl 2-isopropyl-6-methylpyrimidin-4-yl phosphate
(diazoxon), its isomer O,O-diethyl S-(2-isopropyl-6-meth-
ylpyrimidin-4-yl) thiophosphate) (isodiazinon), and O,O-
diethyl O-[2-(1-hydroxy-1-methylethyl)-6-methylpyrimi-
din-4-yl] thiophosphate (hydroxydiazinon) [9]. Because
diazinon transformation products are more polar than the
parent compound, they may be consequently more water
soluble, more mobile, and have a greater potential to leach
from soil. Therefore, these compounds would probably be
found in surface and ground water at higher concentra-
tions than the parent compound.
Solar photocatalytic water treatment with irradiated
semiconductors has been proposed as an effective and
environmentally attractive technique for degradation
and final mineralization of organic pollutants into CO2
and inorganic anions [12, 13]. TiO2 photocatalytic de-
composition has been studied extensively for many
organic compounds, including various classes of pesti-
cides [14–17]. The initial step of the heterogeneous
photocatalytic process is the excitation of TiO2 with
light at near-visible UV to produce conduction band
electrons (ecb) and valence band holes (h

vb). The
redox potential of the photogenerated holes is able to
oxidize organic molecules adsorbed on the TiO2 surface
by combination of direct oxidation reactions and pro-
duction of oxidizing species after reaction with water,
such as hydroxyl radicals. Recombination of the elec-
tron-hole pairs provides a competitive route for the
catalytic process, so that the presence of oxidizing
species, commonly dilute O2, is essential for the re-
moval of the generated electrons [18]. Repeated oxida-
tion of the organic intermediates leads to the mineral-
ization of the compounds.
The photocatalytic degradation of diazinon in aque-
ous suspensions by using TiO2 as a photocatalyst has
been shown to be effective leading to the production of
CO2 and inorganic ions. Although parent compound
degradation is achieved usually in a few minutes, PO4
3-,
NH4
, and NO3
 production and total organic carbon
(TOC) reduction follow much slower rates [19–23]. At
present, no studies on diazinon photocatalysis interme-
diates have been reported, and a detailed study of the
photocatalytic degradation process might provide use-
ful information for the optimization of the overall
photocatalytic system. Since the formation of highly
toxic reaction intermediates is possible, identification of
the degradation products is essential. Furthermore, the
elucidation of the mechanism of the photocatalysis
might be useful for the prediction of degradation of
other substrates using the same catalyst [24]. Since
photocatalytic degradation has been suggested to be
similar to biological processes, insights might be ob-
tained from these studies regarding metabolic transfor-
mation of diazinon in living organisms [25].
The purpose of this study was to analyze the photo-
catalytic degradation products of diazinon using GC/
ion-trap mass spectrometry and HPLC/quadrupole-
time-of flight (QqTOF) mass spectrometry. For
identification, structural data were obtained on an ion
trap mass spectrometer following electron impact ion-
ization (EI), positive ion chemical ionization (CI) and
negative ion chemical ionization (NCI). These data were
complemented with exact mass measurements on both
precursor and fragment ions obtained using a QqTOF
mass spectrometer. A degradation pathway for diazi-
non is proposed based on the identified intermediates
and also compared with the metabolic pathways in
living organisms.
Experimental
Chemicals and Reagents
Diazinon (94.0%) was purchased from Dr. Ehrenstorfer
(Augsburg, Germany). Diazoxon (90%), sulfotep and
2-isopropyl-6-methylpyrimidin-4-ol (IMP) (99%) were
obtained from Chem Service (West Chester, PA). TiO2
P25 (mainly in anatase form) was obtained from De-
gussa (Dusseldorf, Germany). Dichloromethane and
acetone (Labscan, Dublin, Ireland) were pestiscan
grade. HPLC-grade water (Labscan) was used for the
preparation of the catalytic suspensions. Anhydrous
sodium sulphate was purchased from Riedel-de Haen
(Seelze-Hannover, Germany), sodium carbonate from
Fluka (Buchs, Switzerland) and perchloric acid from
Merck (Darmstadt, Germany).
Irradiation Experiments
Irradiations were performed in Pyrex cylindrical cells
(total volume, ca. 50 mL, diameter, 4.5 cm) using four
Blacklight-Blue F15W/T8/BLB lamps (Sylvania, Dan-
vers, MA) emitting mainly at 300–400 nm. The distance
between the irradiated solutions and the lamps was 17
cm. The irradiations were carried out on 5 mL pesticide
suspensions containing 20 mg L1 diazinon and 500 mg
L1 TiO2. Diazoxon (20 mg L
1) in TiO2 aqueous
suspensions was also irradiated under the same condi-
tions. During irradiation, the samples were magneti-
cally stirred. All experiments were carried out at room
temperature and pH 6.
Sample Extraction
The irradiated aqueous solutions were extracted two
times using dichloromethane (10 mL). The combined
dichloromethane phases were passed through 5 g of
anhydrous sodium sulphate, rotary evaporated to 1
mL and then diluted to 5 mL with acetone. The solvent
was concentrated once more in a rotary evaporator to
1 mL and evaporated under a gentle stream of nitro-
gen to dryness. The residue was redissolved in 200 L
of acetone for GC/MS or methanol for LC/MS analysis.
100 L of this concentrated extract was diluted to 1 mL
with acetone for GC/MS analysis of diazinon and
diazoxon.
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Carbon Dioxide Evolution
Evolution of carbon dioxide produced during irradia-
tion of diazinon in TiO2 aqueous suspensions was
followed by head-space gas chromatographic analysis
of the gas phase of Pyrex cells by GC/MS in EI mode at
70 eV electron energy, monitored from m/z 10–360. The
column used was an AT-5MS (Alltech, Deerfield, IL),
fused silica capillary column (30 m, 0.25 mm i.d., ft 0.25
m). The oven temperature program was 1.2 min at 40
°C, 4.2 °C/min to 50 °C, 16.7 °C/min to 80 °C (1.2 min).
The injector temperature was 210 °C, and the transfer
line temperature was 275 °C. The samples were oxygen-
ated before irradiation, and 100 L from the gas phase
was injected splitless. Extracted chromatograms of the
ion of m/z 44 were used for the detection and quantita-
tion of the CO2 peak. Calibration curve was obtained
using Na2CO3/(HClO4 0.1 M) standard solutions. Blank
CO2 values produced during irradiation of TiO2 sus-
pensions in the absence of diazinon were substracted
from the total CO2 produced.
Analytical Procedures
HPLC/DAD analysis. HPLC analyses were carried out
using a Waters (Milford, MA) Model TM 600 gradient
pump, 966 DAD and a 717 autosampler. Data were
processed using Waters Millenium software (version
2.10). The analytical column was a Waters C18 Nova-
Pak, 4.6  250 mm, the mobile phase was isocratic
acetonitrile/water, 70:30 (vol/vol), at a flow rate of 1
mL/min, and the eluate was monitored at 254 nm. The
irradiated solutions were filtered through 0.45 m
Millipore (Bedford, MA) Millex-LCR filters before
HPLC analysis. The injection volume was 20 L.
GC/MS and GC/MSn analysis. A ThermoFinnigan (Aus-
tin, TX) GCQ gas chromatograph-ion trap mass spec-
trometer with an AS 2000 autosampler and Xcalibur
(version 1.1) software for data acquisition and process-
ing was used for GC/MS and GC/MSn analyses. The
gas chromatographic analysis was performed with an
Alltech AT-5MS fused silica capillary column (1. 
30 m, i.d. 0.25 mm, f.t. 0.25 m). The helium carrier
gas velocity was 30 cm/s, the injector temperature was
210 °C, and the transfer line temperature was set at 275
°C. The oven program was 1 min at 60 °C , 20 °C/min
to 80 °C, 5 °C/min to 196 °C, and 20 °C/min to 270 °C
(10 min). Ions were formed for mass spectrometric
detection using either positive ion electron impact ion-
ization (EI), positive ion chemical ionization (CI) or
negative ion chemical ionization (NCI). During CI and
NCI, methane was used at the reagent gas at a manifold
pressure of 70 mTorr. EI mass spectra database searches
were carried out using the Wiley (New York, NY)
Registry of Mass Spectral Data, 6th edition, and the
NIST Mass Spectral Search Program version 1.6d,
Search Type: Identity, Normal. The concentrated ex-
tracts (2 L aliquots) were injected splitless. The mass
spectrometer detector was set to be off at the time of
diazinon elution, to avoid filament damage during
sample analysis. Diluted extracts were analyzed for
monitoring the diazinon and diazoxon and the mass
spectrometer detector was not set to be of during
sample analysis.
QqTOF LC/ESI-MS and LC/ESI-MS/MS analysis. Posi-
tive ion electrospray LC/MS analysis was carried out
using a Micromass (Manchester, UK) Q-TOF-2 hybrid
quadrupole-time-of-flight mass spectrometer. Degrada-
tion products of diazinon were separated using an YMC
(Wilmington, NC) C18 AQ column, 2.0  250 mm, with
isocratic acetonitrile/water (65:35, vol/vol) as the mo-
bile phase. The flow rate was 0.2 mL/min. High-
resolution exact mass measurements were carried out
on-line by adding reserpine post-column as a lock mass.
Data were acquired at 10,000 FWHM resolution. Cali-
bration was carried out using polyethylene glycol
shortly before the sample analysis. To avoid dead-time
distortion, the concentration of the lock mass was
adjusted to provide approximately 140 counts/s as
monitored on a real-time display. Exact mass measure-
ments of fragment ions were carried out using the
precursor ion as the lock mass. Product ion mass
spectra were acquired at a collision energy of 15 or 25
eV (for follow-up measurements) using argon as the
collision gas.
Results and Discussion
Photocatalytic Degradation
The photocatalytic degradation of diazinon (see struc-
ture in Figure 1) over time in pure water in the presence
of TiO2 was monitored by using HPLC/DAD. The
kinetics of diazinon disappearance in the presence or
absence of TiO2 is shown in Figure 2a. During irradia-
tion in the presence of TiO2 diazinon degraded rapidly
and disappeared completely within 30 min. In contrast,
irradiation of diazinon in the absence of TiO2 produced
minimal photolytic degradation. Control experiments
performed in the dark indicated that hydrolysis and
Figure 1. Molecular structure of the insecticide diazinon. Thio-
phosphoric moiety (a) and pyrimidine group (b) are shown.
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adsorption of diazinon on TiO2 particles did not affect
its concentration during these experiments.
The evolution of CO2 was monitored by using head-
space GC/MS, and these measurements established
that only 10% of the carbons in the diazinon molecule
were totally oxidized by the time the intact pesticide
was no longer detected (Figure 2b). Total mineralization
of diazinon occurred after 5 h of irradiation. Even
though mineralization of diazinon also leads to the
production of inorganic ions, this process will not be
discussed.
Organic Intermediates Monitoring
When the semiconductor TiO2 is irradiated with light of
wavelength  390 nm, valence band holes (hvb) and
conduction band electrons (ecb) are photogenerated
(eq 1). OH radicals generated through water oxidation
by photo-generated valence band holes according to eq
2, are known to be the most oxidizing species [26].
TiO2  h3 hvb
  ecb
 (1)
hvb
  H2O3 OH
•  H (2)
OH radicals react rapidly and non-selectively with
organic molecules leading to the production of numer-
ous oxidation intermediates and final mineralization
products. In the presence of air, other species might
contribute to the oxidation of the organic molecules,
such as H2O2 or even superoxide radicals, which are
produced by oxygen reduction through photogenerated
conduction band electrons (eqs 3, 4).
2H  2ecb
  O23 H2O2 (3)
ecb
  O23 O2
• (4)
The nature of diazinon photocatalytic degradation
products was studied using GC/MS and LC/MS. A
reaction pathway is proposed including the identified
intermediates.
GC/MS. The concentrated aqueous suspension ex-
tracts were analyzed by using GC/MS. After 3 min
irradiation, several degradation products not present in
a blank control were detected during GC/MS with
positive ion EI (see Figure 3). Most of the degradation
products eluted after diazinon (RT 26.6 min). The mass
spectrometer detector was set to be off at the time of
diazinon elution. Spectra for diazinon and Compound
(2) were obtained after GC/MS analysis of diluted
samples, where the detector was not set be off. The
following general approach was followed for the iden-
tification of each degradation product. First, the molec-
ular mass of each of the unknown compounds was
determined using positive ion CI mass spectrometry
through the abundant protonated molecule and the
characteristic [M  C2H5]
 and [M  C3H5]
 adducts,
and then structural data were obtained from the EI
fragmentation patterns and library searching. In addi-
tion, MS2 and MS3 provided information regarding the
identities of the fragment ions. NCI mass spectra gave
useful information regarding the presence of particular
substructures containing electronegative atoms. For or-
ganophosphate compounds NCI mode is generally
more sensitive than either positive ion CI or EI [27]. The
commercial standards were analyzed using GC/MS
under the same conditions as the suspension extracts.
The retention times and mass spectra of standards and
unknown degradation products were compared.
MS/MS analysis of the fragment ions of diazinon
(Mr 304) gave information regarding the structures of
the characteristic ions of the pyrimidine moiety. The
base peak at m/z 179 and the ions of m/z 137 and 152 in
the EI mass spectrum of diazinon (Figure 4a) corre-
sponded to the structure of the ethyl ether of pyrimidi-
nol and the pyrimidine structures shown in Figure 4b.
Figure 2. (a) Photodegradation of diazinon aqueous solution (C  20 mg L1) in the absence and in
the presence of TiO2 (C 500 mg L
1 ) (b) Formation of CO2 after photocatalytic oxidation of diazinon
in the presence of TiO2.
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These ion structures have been reported in a previous
study [28]. The structure of the ion at m/z 135 also
corresponded to the pyrimidine group. MS/MS analy-
sis of the ion of m/z 135 resulted in a product ion of m/z
93 corresponding to the loss of a C3H6 group. Subse-
quently, one molecule of HCN (originating from the
pyrimidine group) was eliminated resulting in the ion
of m/z 66 followed by an additional loss of HCN
forming the product ion of m/z 39. The two sequential
losses of HCN molecules attributed to the pyrimidine
structure for the ion of m/z 135 are shown in Figure 4b.
In the positive ion EI mass spectra of the unknown
compounds, the ions at m/z 137 and 135 were charac-
teristic of the pyrimidine structure, and MS/MS analy-
sis was used to support the proposed ion structures.
The NCI mass spectrum of diazinon showed a base
Figure 3. GC/MS chromatogram of a diazinon aqueous catalytic suspension concentrated extract
after 3 min of irradiation. Nine oxidation intermediates and two standard impurities were detected.
The detector filament was set to be off at the time of diazinon elution (RT 26.6 min). Spectra for
diazinon and Compound (2) were obtained after GC/MS analysis of diluted samples, where the
detector was not set be off.
Figure 4. (a) EI mass spectra of diazinon and intermediates identified by comparison with authentic
standards (1, 2) or by library searching (4), used to confirm the unknown degradation products. (b)
Proposed structures for fragment ions at m/z 137, 152, 135 and 153.
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peak at m/z 169 (Table 1). The structure of the thiophos-
phoric moiety of this ion, reported also in a previous
study [27], could be well defined using MS3 for product
ions of m/z 141 and m/z 95 (Scheme 1). The ion of m/z 169
provided strong evidence for the presence of the thio-
phosphoric moiety of diazinon in the organic interme-
diate structures.
Impurities (1) and (2) were already present in the
diazinon commercial standard used in the photocatal-
ysis experiments. Impurity (1) eluted from the GC with
a retention time of 23.8 min and was identified as
sulfotep (O,O,O,O-tetraethyl dithiodiphosphate) (Mr
322) by comparison with the authentic standard. Impu-
rity (2) (RT 29.8 min), molecular mass of 302, formed a
fragment ion of m/z 135 that corresponded to the
pyrimidine moiety of diazinon based on the MS/MS
fragment ions of m/z 93, 66, and 39 (see Figure 4b). The
NCI mass spectrum of this degradation product
showed only one peak at m/z 167, and the absence of the
ion at m/z 169 characteristic of the thiophosphoric
moiety of diazinon. Both impurities decomposed com-
pletely during the photocatalytic process.
Compounds (1) and (2), which were detected at
retention times of 19.0 and 25.8 min respectively, were
identified by comparison with authentic standards as
2-isopropyl-6-methylpyrimidin-4-ol (IMP) and diaz-
Table 1. Fragment ions and relative abundances (RA) of diazinon and its degradation products in NCI mode of operation
Compound Mr m/z Possible structure RA
Diazinon 304 169 [C4H10O3PS]
 100
Diazoxon (2) 288 153 [C4H10O4P]
 100
125 [C2H6O4P]
 10
Hydroxydiazinon (4) 320 169 [C4H10O3PS]
 100
183 [C5H14NO4P]
 14
Compound 3a 304 153 [C4H10O4P]
 a
Compound 3b 318 318 [C12H19N2O4PS]
 100
169 [C4H10O3PS]
 35
181 [C5H12NO4P]
 32
Compound 5 306 169 [C4H10O3PS]
, [C4H12NO4P]
 100
Compound 6 304 169 [C4H10O3PS]
 100
167 [C4H10NO4P]
 27
304 [C11H17N2O4PS]
 26
Compound 7 320 169 [C4H10O3PS]
 100
183 [C5H14NO4P]
 6
aRA for this fragment ion was not possible to obtain, because of the intereference from coelluted peak 3b.
Scheme 1. Fragmentation scheme obtained from MS/MS NCI spectra for species having m/z 169,
153, and 183.
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oxon, each. The base peak at m/z 137 in the mass
spectrum of IMP (Figure 4) corresponded to the pyrim-
idine species produced following the loss of a methyl
radical from the molecular ion of m/z 152. The MS/MS
fragmentation pattern of the IMP ion of m/z 137 con-
tained the product ion of m/z 84 and was identical to the
corresponding MS/MS fragmentation pattern for diazi-
non. IMP is the hydrolysis product of diazinon formed
through the cleavage of P¢O(pyrimidine group) bond,
that has been found in water, soil, plants, and animals
[9, 29]. Diazoxon (Mr 288), the oxygen analogue of
diazinon in which S has been replaced by an O atom,
has been reported to be a diazinon photolysis product
in water/soil suspensions [9] and is a diazinon metab-
olite formed in vitro and in vivo in studies with animals
[30]. The base peak at m/z 137 in the positive ion EI mass
spectrum (Figure 4a) of diazoxon is similar to that of
diazinon and IMP, but the fragment ion corresponding
to the ethyl ether of the pyrimidine group (m/z 179) was
not observed. The NCI mass spectrum of diazoxon
(Table 1) showed a fragment ion at m/z 153, which is
characteristic of a phosphoric moiety and confirmed by
MS/MS analysis. Irradiation of diazoxon in TiO2 aque-
ous suspensions gave IMP as the main product.
The peak eluting at 27.9 min [Compound (4)] during
GC/MS was identified as hydroxydiazinon (O,O-di-
ethyl O-[2-(1-hydroxy-1-methylethyl)-6-methylpyrimi-
din-4-yl] thiophosphate) with a probability higher than
97% by searching the mass spectra library. The positive
ion EI mass spectrum of Compound (4) in Figure 4a
shows several similarities with that of diazinon except
for the loss of a H2O molecule indicating the presence of
an alcohol group. Loss of a methyl radical from the
molecular ion of m/z 320 formed the ion of m/z 305,
which after elimination of C2H4 produced the ion at m/z
277. MS/MS fragmentation of the ion of m/z 277 shows
loss of a thiophosphonic moiety (POSOC2H5, 124 u)
giving an ion at m/z 153. Since the ratio of the abun-
dances of the ions of m/z 155:153 in the positive ion EI
mass spectrum is 1%, there is probably no S atom in
the ion at m/z 153. Therefore, the proposed molecular
structure for the ion at m/z 153 is analogous to the
structure of the ion at m/z 152 of diazinon (Figure 4b).
In the NCI mass spectrum of hydroxydiazinon (Ta-
ble 1) the base peak was detected at m/z 169 which is
characteristic of the diazinon thiophosphoric moiety.
Another abundant ion was observed at m/z 183, and
MS/MS product ion analysis of this ion showed elimi-
nation of a neutral molecule of 58 u corresponding to an
acetone. MS/MS product ion analysis of the fragment
ion of m/z 125 produced loss of a methyl radical,
elimination of a molecule of HCN followed by loss of a
methyl radical, and a loss of 34 u corresponding to
H2O2. The structure of the ion at m/z 183 and its
fragmentation pathway are shown in Scheme 1. The
introduction of the additional oxygen atom into the
isopropyl group played an essential role in the produc-
tion of this electronegative ion.
Characteristic anions formed during NCI of the
degradation products of diazinon were the ions of
m/z 169 corresponding to [(C2H5O)2POS]
 of diazi-
non derivatives, m/z 153 corresponding to
[(C2H5O)2PO2]
 of diazoxon derivatives, and m/z 183,
[P(OH)2OCH2NHCH3(C3H7O)]
, for hydroxylated
diazinon derivatives (Table 1). MSn was used to
support the proposed structures of these ions.
Looking closely at the GC/MS data, a peak (3) of low
intensity was detected at a retention time of 27.5 min in
the GC/MS chromatogram in Figure 3. After detailed
examination, this peak was found to contain two over-
lapping peaks. The positive ion EI mass spectrum of the
first peak (3a) was characterized by a base peak of m/z
Figure 5. EI mass spectra of compounds identified by mass spectra interpretation. Compounds (3a),
(6), (7) were also confirmed by LC/MS.
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153 (Figure 5), which interestingly produced a fragmen-
tation pattern during MS/MS that was identical to that
of hydroxydiazinon. The positive ion CI mass spectrum
suggested that the compound had a molecular mass of
304 u, although the signal-to-noise ratio was too low.
The NCI mass spectrum of Compound (3a) produced
an ion of m/z 153 (Table 1), which the MS/MS fragmen-
tation pattern is characteristic of the phosphoric moiety
of diazoxon. According to these data, diethyl 2-(1-
hydroxy-1-methylethyl)-6-methylpyrimidin-4-yl phos-
phate (hydroxydiazoxon) is the predominant candidate
structure for Compound (3a).
The positive ion EI mass spectrum of the second
peak (3b) eluting at 27.5 min is shown in Figure 5. The
low intensity of this peak did not permit subsequent
MS/MS analysis. The molecular mass was determined
from the EI mass spectrum to be 318 u which was
confirmed by the observation of an [MH] ion of 319
using positive ion CI mass spectrometry. An ion of m/z
169, which is characteristic of the thiophosphoric moi-
ety of diazinon, was detected in the NCI mass spectrum
(Table 1). MS/MS analysis of the peak of m/z 181 in the
NCI mass spectrum exhibited a loss of 28 u correspond-
ing to the loss of CO. MS3 of the resulting fragment
produced fragment ions including one of m/z 125
(Scheme 2). These data suggest the structure of an
aldehyde, O,O-diethyl O-[6-methyl-2-(1-methyl-2-oxo-
ethyl)pyrimidin-4-yl] thiophosphate for Compound
(3b).
The positive ion EI mass spectrum of Compound (5),
which eluted at 28.1 min (see the chromatogram in
Figure 3), is shown in Figure 5. The base peak of
Compound (5) was observed at m/z 181, and the molec-
ular ion was detected at m/z 306. No abundant sample
ions were detected using positive ion CI. However,
during NCI a base peak was observed at m/z 169 (see
Table 1), and MS/MS analysis of this ion produced a
fragmentation pattern consistent with a diazinon thio-
phosphoric moiety and an ion of m/z 125. The product
ion of m/z 125 indicates the presence of an additional
moiety of m/z 169 besides the thiophosphoric moiety.
The fragment ion of m/z 125 was formed from m/z 169
through elimination of C2H4O (Scheme 2). MS/MS
analysis of m/z 125 did not produce a useful spectrum
due to low signal strength. Based on these data, the
structure of Compound (5) is consistent with the hy-
droxyethyl derivative of diazinon, O,O-diethyl O-[2-(1-
hydroxyethyl)-6-methylpyrimidin-4-yl] thiphosphate,
which has been reported to be a diazinon metabolite in
animals formed from hydroxydiazinon through dehy-
dration, oxidation and decarboxylation [30].
Compound (6) eluting at 28.6 min weighed 304 u,
which was identical to that of diazinon. The EI mass
spectrum (see Figure 5) showed an intense peak of m/z
153 indicative of a pyrimidine moiety, fragment ions
corresponding to [M 28], [M  56], typical losses
of one and two C2H4 groups. The EI MS/MS analysis of
the ion of m/z 153 produced a fragment ions similar to
those of hydroxydiazinon (Figure 6a). The NCI mass
spectrum of Compound (6) was considerably different
Scheme 2. Fragmentation scheme obtained from MS/MS NCI spectra for species having m/z 167,
169, and 181.
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from that of diazinon and hydroxydiazinon, except for
the common ion of m/z 169 (Table 1). Under NCI
conditions the most abundant fragment ion of m/z 169
gave the same MS3 pattern as the ion of m/z 169 of
diazinon (Figure 6b). Furthermore, MS/MS analysis of
the fragment 167 in the NCI spectrum of this compound
showed loss of 42 u (C2H2O) giving the ion of m/z 125,
which MS3 analysis clearly showed was similar to that
ion of hydroxydiazinon (Schemes 1,2). Based on the loss
of C2H2O, the structure of an acetyl group was indi-
cated for the ion of m/z 167. These data suggest that
Compound (6) is O-(2-acetyl-6-methylpyrimidin-4-yl)
O,O-diethyl thiophosphate (diazinon methyl ketone).
Compound (7) eluted at 29.3 min in the GC/MS
chromatogram shown in Figure 3, and the positive ion
EI mass spectrum (see Figure 5) indicated that it had a
molecular mass of 320. Fragment ions were observed at
[M  17] and [M  30] corresponding to the loss of
OH and HCHO, respectively. These fragment ions
suggest the presence of a free hydroxyl group linked to
a primary carbon atom. The ion of m/z 137 in the EI
mass spectrum of Compound (7) was probably formed
from the pyrimidine group since its MS/MS spectrum
contained ions such as m/z 84 like that in the IMP
MS/MS spectrum of the ion of m/z 137 (Figure 4). The
base peak at m/z 151 corresponded to the loss of the
thiophosphoric moiety from the molecular ion. The
fragmentation pattern observed in the NCI mass spec-
trum of Compound (7) supported the presence of the
thiophosphoric moiety, since the fragment ion of m/z
169 was the base peak (Table 1). Additional confirma-
tion of the presence of a hydroxyl group linked to a
primary carbon atom was obtained using NCI MS/MS
of the ion at m/z 183. Elimination of a neutral weighing
30 u corresponding to a formaldehyde molecule was
observed instead of the loss of an acetone molecule as in
the case of hydroxydiazinon (Scheme 1). There are two
possibilities for the position of the hydroxyl group,
either on the aromatic methyl group resulting hydroxy-
methyl diazinon or on the methyl group in the isopro-
pyl moiety giving 2-hydroxydiazinon. In metabolism
studies carried out in sheep, hydroxymethyl diazinon
was identified using NMR, IR and mass spectrometry
[31]. The positive ion EI mass spectrum of hydroxy-
methyl diazinon provided in this paper contained a
base peak at m/z 195 but no ion of m/z 137, which was
different from the EI mass spectrum of Compound (7)
(base peak at m/z 151). Based on this evidence, Com-
pound (7) is tentatively identified as 2-hydroxydiazi-
non (O,O-diethyl-O-[2-(2-hydroxy-1-methylethyl)-6-
methylpyrimidin-4-yl] thiophosphate).
Compounds (8) and (9) eluting during GC/MS at
30.8 and 31.7 min, respectively, were probably photo-
products of impurity (2) of the diazinon standard used
in the irradiation experiments. Their molecular masses,
confirmed by positive ion CI mass spectrometry, were
318 u and 302 u, respectively. On the basis of positive
ion EI and NCI mass spectrometric analyses, Com-
pound (8) was attributed to the 1-hydroxy derivative of
impurity (2) while Compound (9) was tentatively iden-
tified as an acetyl derivative of impurity (2).
LC/MS. In order to determine elemental compositions,
selected extracts of the irradiated aqueous suspensions
Figure 6. (a) Product-ion EI spectra (GC/MS/MS) of ions atm/z 153 of Compound (6) (top) and
hydroxydiazinon (bottom). (b) Product-ion NCI spectra (GC/MS/MS) of ions at m/z 169 of Com-
pound (6) (top) and diazinon (bottom).
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were analyzed by LC/MS with positive ion electro-
spray ionization, and exact mass measurements of the
protonated molecules were obtained on-line using a
QqTOF mass spectrometer. In addition, exact mass
measurements of the product ions of these species
obtained during LC/MS/MS provided valuable infor-
mation regarding their structures. LC/MS facilitated
the detection of several compounds, five of which were
detected also using GC/MS. Figure 7 shows the LC/MS
chromatogram of a concentrated extract of an aqueous
diazinon TiO2 suspension after 3 min of irradiation.
Peaks eluting at retention times of 5.7 and 16.0 min were
identified as diazoxon and diazinon, respectively, after
comparison with the retention times and fragmentation
patterns of authentic standards.
Exact mass measurements and elemental composi-
tions of diazinon, its degradation products and their
fragment ions are presented in Table 2. The product ion
mass spectra of diazinon and diazoxon were examined
to obtain useful information for the interpretation of the
product ion spectra of the unknown degradation prod-
ucts. The positive ion electrospray MS/MS spectrum of
diazinon is shown in Figure 8b. The two most abundant
fragment ions were detected at m/z 169 and 153, and the
Figure 7. LC-MS chromatograms of a diazinon suspension irra-
diated for 3 min. The numbers (2), (3a), (4), (6), (7) correspond to
compounds identified also by GC/MS.
Table 2. Exact mass measurements and elemental composition of diazinon, its degradation products and their fragment ions using
LC/MS/MS analysis
Compound
Observed mass
([M  H])
Major ions
(relative abundance)
Calculated
mass
Elemental
composition
Error
(ppm)
Diazinon 305.100 305.1100 (100) 305.1089 C12H22N2O3PS 3.7
169.0810 (50) 169.0799 C8H13N2S 6.2
153.1032 (30) 153.1028 C8H13N2O 2.7
Diazoxon (2) 289.1317 289.1317 (100) 289.1317 C12H22N2O4P 0.0
153.1030 (97) 153.1028 C8H13N2O 1.4
2-Hydroxydiazinon (7) 321.1043 321.1043 (100) 321.1038 C12H22N2O4PS 1.6
185.0749 (72) 185.0749 C8H13N2OS 0.0
293.0710 (10) 293.0725 C10H18N2O3PS 9.4
169.0957 (8) 169.0977 C8H13N2O2 11.8
155.0891 (2) 155.0821 C7H11N2O2 45.4
Hydroxydiazinon (4) 321.1048 321.1048 (29) 321.1038 C12H22N2O3PS 3.1
303.0942 (100) 303.0932 C12H20N2O3PS 3.5
247.0321 (13) 247.0306 C8H12N2O3PS 6.0
167.0642 (6) 167.0643 C8H11N2S 0.6
151.0881 (6) 151.0871 C8H11N2O 6.4
2-Hydroxydiazoxon (10) 305.1271 305.1271 (100) 305.1266 C12H22N2O5P 1.5
277.0982 (10) 277.0953 C10H18N2O5P 10.4
275.1184 (11) 275.1161 C11H20N2O4P 8.5
249.0667 (7) 249.0640 C8H14N2O5P 10.7
169.0987 (77) 169.0977 C8H13N2O2 5.9
Hydroxydiazoxon (3a) 305.1264 305.1264 (20) 305.1266 C12H22N2O5P 0.7
287.1182 (100) 287.1161 C12H20N2O4P 7.4
259.0870 (20) 259.0848 C10H16N2O4P 8.6
231.0551 (10) 231.0535 C8H12N2O4P 7.1
169.0991 (8) 169.0977 C8H13N2O2 8.3
151.0858 (10) 151.0871 C8H11N2O 8.9
Diazinon methyl ketone (6) 305.0729 305.0729 (82) 305.0725 C11H18N2O4PS 1.3
277.0396 (31) 277.0412 C9H14N2O4PS 5.7
169.0440 (100) 169.0436 C7H9N2O2 2.6
153.0665 (57) 153.0664 C7H9N2O2 0.6
153.0155 (15) 153.0139 C4H10O2PS 10.4
124.9839 (18) 124.9826 C2H6O2PS 10.3
Note: Exact masses of precursor ions are those obtained using LC/MS. For fragmentation studies centroids were obtained using theoretical formula
of precursor ion as the lock mass.
812 KOULOUMBOS ET AL. J Am Soc Mass Spectrom 2003, 14, 803–817
exact masses of these ions were consistent with elemen-
tal compositions of C8H13N2S and C8H13N2O, respec-
tively. Close examination of the MS/MS spectrum at
m/z 153 revealed the presence of another small, base-
line-resolved ion of m/z 153.0155 corresponding to an
elemental composition of C4H10O2PS. Possible mecha-
nisms for the formation of the most abundant fragment
ions of diazinon are shown in Scheme 3. Ions at m/z 277
and 249 represent consecutive eliminations of ethylene
molecules and were probably formed by a classical
elimination reaction involving a four-member transition
state. The abundant fragment ion at m/z 153.1032 might
be formed by a similar mechanism involving transfer of
hydrogen from the phosphoric OH group. Alterna-
tively, this ion might have been formed via hydrogen
transfer through a favorable six-member transition state
as depicted in Scheme 3. The product ion of m/z
169.0810 could be formed by the same mechanism after
thiono-thiolo rearrangement of the precursor ion.
Thiono-thiolo rearrangement is a well-known process
that can be either thermally driven or proton catalyzed,
and both of which can occur in the mass spectrometer.
The formation of the minor ion at m/z 153.0155 might be
rationalized by protonation of the oxygen atom fol-
lowed by inductive cleavage and charge migration.
The positive ion electrospray MS/MS product ion
mass spectrum of diazoxon (Figure 8a) showed the
same abundant fragment ions as diazinon. For example,
the most abundant product ion was detected at m/z 153
with an elemental composition of C8H13N2O. In addi-
tion, an ion corresponding to the phosphoric moiety
was detected at m/z 135 indicating that P¢S was oxi-
dized to P¢O.
Two species having protonated molecules of m/z 321
eluted at retention times of 6.0 and 9.6 min during
LC/MS suggesting the formation of mono-oxidation
products of diazinon (Figure 7). Based on exact mass
Figure 8. Product ion spectra of (a) diazoxon and (b) diazinon, at
15eV.
Scheme 3. Proposed fragmentation pathway of diazinon obtained from LC/MS/MS analysis.
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measurements, the elemental composition for the two
compounds was determined to be C12H21N2O4PS,
which confirms oxidation and introduction of one oxy-
gen atom each. Examination of the product ion mass
spectra of the two compounds revealed that oxidation
took place on the pyrimidine and not on the thiophos-
phoric moiety. For example, the product ion mass
spectrum of the peak eluting at 6.0 min showed an
abundant fragment ion at m/z 185 with an elemental
composition of C8H13N2OS. The fragment ion corre-
sponding to the loss of water from the precursor ion
was low in abundance suggesting that elimination of
water was not a facile process. Furthermore, a diagnos-
tic fragment ion corresponding to the loss of a molecule
of formaldehyde was observed at m/z 291. This ion is
frequently observed in mass spectra of molecules con-
taining a hydroxymethyl group. There are two possibil-
ities for this structural feature, either hydroxylation of
an aromatic methyl group resulting hydroxymethyldia-
zinon, or oxidation of the methyl group in the isopropyl
moiety forming 2-hydroxydiazinon. The structure of
this peak probably corresponds to 2-hydroxydiazinon
(7). Elimination of a formaldehyde molecule from 2-hy-
droxydiazinon might proceed via a favorable six-mem-
ber transition state as shown in Scheme 4. The resulting
fragment ion might tautomerize into an aromatic struc-
ture. However, formation of such a stable ion is not
possible for hydroxymethyldiazinon. It should be noted
that 2-hydroxydiazinon was also identified by using
GC/MS.
The peak eluting at 9.6 min showed an abundant
fragment corresponding to loss of water from the pre-
cursor ion. The only other fragmentation pathway in-
cluded sequential losses of ethylene molecules. The
most probable structure for this diazinon degradation
product was hydroxydiazinon (4), which had also been
identified tentatively using GC/MS.
There were several peaks with the same nominal
mass as diazinon of m/z 305. The exact masses of these
peaks eluting at 3.6 and 4.3 min were determined to be
305.1271 and 305.1264 corresponding to an elemental
composition of C12H21N2O5P. This composition sug-
gests that these peaks represent oxidation products of
diazoxon. The identities of these oxidation products
were tentatively determined based on the comparison
of their MS/MS fragmentation pathways to those of
known oxidation products of diazinon. The product ion
MS/MS spectrum of the compound with an apparent
protonated molecule of m/z 305 eluting at 3.6 min
showed an abundant fragment ion of m/z 169 suggest-
ing that oxidation took place on the pyrimidine moiety
of the molecule. The relative abundances of the ions of
m/z 151 and 287, corresponding to loss of water from the
fragment ions of m/z 169 and from the precursor ion of
m/z 305, were low. This information and the observation
of an ion of m/z 275 corresponding to the loss of a
formaldehyde molecule from the protonated molecule
support the assignment of this peak as 2-hydroxydiaz-
oxon (10).
The most abundant fragment ion in the product ion
mass spectrum of the peak eluting at 4.3 min was
detected at m/z 287 and corresponded to elimination of
water. This suggests that oxidation occurred on the
secondary carbon atom of the isopropyl group of diaz-
oxon. By analogy with hydroxydiazinon, this peak was
tentatively identified as hydroxydiazoxon (3a), which
was also detected during GC/MS analysis.
Of particular interest was the peak eluting at 7.9 min.
Based on exact mass measurements, the elemental com-
position of this ion was determined to be C11H17N2O4P.
This elemental composition indicates that the diazinon
precursor had lost a methane molecule as well as been
mono-oxygenated. In the product ion spectrum, the
most abundant fragment ions were detected atm/z 153
and 169. Using exact mass measurements, the elemental
compositions of these product ions were determined to
be C7H9N2O2 and C7H9N2OS, respectively. Together
with the presence of small ion of m/z 153.0155, these
data clearly show that modifications occurred on the
pyrimidine moiety instead of the thiophosphoric part of
the molecule. Based on the data above, it appears that
oxygen introduced during oxidation was not in the
form of a hydroxyl group. Instead, the elemental com-
position may be rationalized by formation of a ketone
with the elimination of methane from the isopropyl
substituent on pyrimidine ring. Therefore, Compound
(6) is probably diazinon methyl ketone which is an
intermediate detected also during GC/MS analysis.
The peak eluting at 10.5 min in Figure 7 had a
protonated molecule of m/z 337. The exact mass mea-
surement of m/z 337.0987 indicated a molecular compo-
sition of C12H21N2O5PS showing that two oxygen atoms
Scheme 4. Proposed fragmentation pathway of 2-hydroxydiazi-
non obtained from LC/MS/MS analysis.
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had been introduced into diazinon. The LC/MS/MS
product ion mass spectrum revealed unusual fragmen-
tation dominated by the loss of methanol (32 u) as well
as elimination of hydrogen peroxide (34 u). More de-
finitive structural evaluation was prevented by the low
concentration of this compound in the extracted sam-
ples. Finally in Figure 7, two peaks with retention times
of 7.5 and 17.5 min and protonated molecules of m/z 303
were assigned to diazinon commercial standard impu-
rities or impurity photoproducts.
Degradation Pathway
The formation of diazinon photocatalytic degradation
products as a function of the irradiation time was
followed by using GC/MS and is shown in Figure 9.
However, hydroxydiazoxon [Compound (3a)], which is
a double oxidation product of diazinon, showed a
delayed maximum level of 5 min supporting its
formation through the intermediate oxidation of diazi-
non to diazoxon. During these first minutes of irradia-
tion, 70% of the initial concentration of diazinon was
converted into Compounds (1–7) while the recovery of
CO2 during this time was negligible. It should be noted
that none of these products was detected after 30 min of
irradiation. Even though a further oxidation leads to the
ring-opening and the formation of aliphatic oxidation
derivatives, these species will not be discussed.
Based on the GC/MS and LC/MS analyses of the
various photocatalytic intermediates, a degradation path-
way for diazinon is proposed in Scheme 5. There are two
different major oxidative routes of degradation. One route
involves the cleavage of the P™O(pyrimidine group) bond
yielding IMP. In the photocatalytic process loss of the
pyrimidine group probably occurs either through oxida-
tive desulfuration by OH radical attack [32] on the thiono
group to give diazoxon followed by hydrolysis, or
through an oxidative mechanism acting directly on diazi-
non. These oxidative mechanisms have already been ob-
served for most thiophosphates in metabolic studies [33].
In the second route, the thiophosphoric moiety of
diazinon is preserved. Hydroxylation of the primary or
secondary carbon atoms of the isopropyl group gave
hydroxydiazinon (4) or 2-hydroxydiazinon (7), respec-
tively, which after further oxidation led to diazinon
aldehyde (3b) and diazinon methyl ketone (6). A similar
transformation pathway was observed following for the
oxygen analogue diazoxon formed by oxidation of the
P¢S bond of diazinon to a P¢O bond which led to the
formation of the hydroxylated derivatives (3a, 10).
Conversion to various hydroxylated metabolites of
diazinon has been also observed in metabolism studies
with animals. Enzymatic hydroxylation of the isopropyl
group was found to be the major transformation path-
way in vivo and in vitro [34]. Although hydroxydiazinon
(4) and hydroxydiazoxon (3a) have been reported in
various metabolism studies [30, 35], oxidative deriv-
atives of the primary carbon atom of the isopropyl
group of diazinon (3b, 7) and diazoxon (10) e.g., 2-hy-
droxy metabolites, were not observed. In a study of tissue
metabolism [30] hydroxydiazinon (4) was reported to
occur through a dehydration reaction of the 1-hydroxy-
isopropyl group to form an isopropenyl substituted
compound which was further oxidized and decarboxy-
lated to the hydroxyethyl derivative (5).
Conclusions
The photocatalytic degradation of diazinon catalyzed
by titanium dioxide was observed to proceed essen-
Figure 9. Formation and degradation of diazinon organic inter-
mediates occuring during TiO2 induced photocatalysis.
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tially through a hydroxylation mechanism occurring
rapidly by attack of the photocatalytically generated
OH radicals. The main transformation intermediates
identified were oxidation products of the isopropyl
group of diazinon and its oxygen analogue diazoxon.
Loss of the thiophosphoric moiety yielded the pyrim-
idinol IMP.
The results reported here show that the combination
of GC/MS/MS with EI, positive and negative ion CI,
and LC/MS/MS with electrospray ionization and exact
mass measurements represent a powerful analytical
approach for the confirmation of the molecular struc-
ture of photocatalytic intermediates. The formation of
identical diazinon derivatives in metabolism studies
may be explained by similar oxidation mechanisms or
energetically preferable oxidation pathways.
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